The considerable post-harvest losses (5% to 40% depending on storage time) due to the high water content level of the onion varieties in Senegal are the main cause of the problem of access to local onion all year round. Therefore, drying is one of the techniques that can be used to solve the problem of onion perishability. This study deals with the characterization of naturally convective kinetics drying of four onion varieties in relation to their maturity level. The experiment was carried out using the gravimetric method. The Welch and Turkey statistical tests display a significant difference between the effective diffusivity coefficients depending on the maturity level within each variety and across the four varieties. The effective diffusivity coefficients of the Galmi Violet, Safari, Gandiol F1 and Orient F1varieties range from 2.18 × 10 −11 ± 2.69 × 10 −12 to 1.32 × 10 −10 ± 1.17 × 10 −11 m 2 ·s −1 at a maturity level less than 80%. When the maturity level is greater than 85%, the effective diffusivity coefficients range from 1.30 × 10 −11 ± 1.24 × 10 −12 to 8.05 × 10 −11 ± 8.94 × 10 −13 m 2 ·s −1 . As far as the activation energy is concerned, the study only reveals a significant difference between the varieties whatever the maturity level is. The Galmi Violet variety stands out with an average activation energy of 66.71 ± 0.12 KJ·mol −1 K −1 for the maturity level below 80% and 58.74 ± 0.11 KJ·mol −1 for the maturity level above 85%. For the three remaining varieties, the average activation energy ranges from 58.15 ± 0.19 to 59.12 ± 0.13 KJ·mol −1 for a maturity level less than 80% whereas the rates go from 47.63 ± 0.28 to 49.96 ± 0.77 KJ·mol −1 when the maturity level is greater than 85%. In summary, the higher the maturity level is, the lower the effective diffusivity coefficients will be. The same tendency was observed with the activa- 
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Introduction
Onions, known as Allium cepa L., are the second largest vegetable grown around the world after tomatoes (93.17 versus 177.75 million tons) [1] .
With an annual consumption that ranges from 150,000 and 250,000 tons onions represent 25% of the households expenses in Senegal. Throughout the country, onion bulbs are most commonly used in cooking recipes to enhance meals tastes.
However, due to their high water content level that is between 83% and 92% depending on the varieties [2] [3] [4] , onions cause considerable conservation challenges to both producers and consumers.
In fact, water is the one main cause of biochemical and microbiological degradation. Thus, its mastery constitutes an important step in food product preservation. Among the techniques used to master water in food products, drying is the oldest one, but it is also very demanding in terms of energy consumption. Besides, it may alter the nutritional and organoleptic properties of food products. Therefore, water mastery remains necessary for the cost and quality control [5] [6] [7] .
Previous research studies on different food products show that drying kinetics depends on the drying conditions, the interactions between the different constituents of the food product particularly water and the texture of the product.
• According to Clemente [4] , the drying time decreases when the drying temperature is higher (temperature comprised between 30˚C and 85˚C). Moreover, the effective diffusivity coefficient increases with the temperature (Doymaz, 2010) [9] .
• According to Clemente The influence of the thickness on the drying rate of onions matches the Mazza and Lemaguer's (1980) [14] results (1.5 mm thickness). However, the characteristics of the drying kinetics of onions reported by these different studies display differences related to the experimental conditions and the origin of the samples.
Nonetheless, no characterization of the drying kinetics of the Senegalese onion varieties was found in the literature. As a matter of fact, the food industries, which are the main users of dried onions in Senegal, are compelled to import it given the non-mastery of the drying procedures whereas about 20% to 30% of post-harvest losses are noticed each production period.
These shortcomings justify the current study which objective is to characterize the drying kinetics of four onion varieties grown up in Senegal within the temperature interval ranging from 50˚C to 70˚C in order to determine the effective diffusivity coefficients as well as the required activation energy.
Materials and Methods

Materials
Vegetal Material
The vegetal material used in this study is local onions picked up from the RAO cooperative in Saint Louis. The study focuses on the main four onion varieties grown in Senegal, namely the Galmi Violet, the Safari, the Gandiol F1, and the Orient F1.
Two maturity levels were tested for each of the four varieties. At the harvest period, the maturity levels expressed in terms of onion leaves loss percentage are:
• Less than 80% for the varieties harvested in March 2015 and 2016.
• Greater than 85% for the varieties harvested in June 2016 and 2017.
For the March period, the harvests were performed without regard for the technical itinerary, that is to say, before the full maturity of the bulbs whereas those of June were well-timed [15] [16] . These two maturity level can be observed in both March and June harvest period depending on the farmers practices and have a great impact on post-harvest storage.
Drying and Analysis Materials
The experimental instruments include the following items:
• An oven with a precision of 0.1˚C.
• A thermohygrometer with a precision of 1˚C and 3.5%.
• A precision scale (reliability rate of 0.0001 g).
• A Micrometer (0 -25 mm) with a precision of 0.001 mm.
• Pyrex capsules and laboratory glassware. 
Statistical Analysis and Graphical Tools
The following softwares were used for data analysis.
• The R software version 3.4.0 (Team R Core, 2017) was used for analyzing variance and measure concordances.
• The 2016 version of the Excel spreadsheet program was used as a scientific calculations tool for graphic representations and the specification of the effective diffusivity coefficients and the activation energy.
Methods
Experimental Protocol
The characterization of the drying kinetics of the local onion varieties was carried out through the gravimetric method. The drying was performed in an oven with temperatures ranging from 50˚C to 70˚C with a 5˚C step.
The drying air velocity was set at 2.4 m·s −1 and the relative humidity in the oven ranged from 10% to 15%.
The experiments were carried out in triple with a sample of ten grams of thinly chopped onions from three different bulbs spread in monolayer in the pyrex cup.
The experiments were carried out for two consecutive years in March 2015 and 2016 for the maturity level less than 80% and in June 2016 and 2017 for the maturity level greater than 85%.
The initial moisture level (X 0 ) and the moistureat the end of each drying hour (X exp,t ) were determined via desiccation at 105˚C for two hours:
• The initial moisture level
with m 0 the weight of the non-dried product and m s,0 its weight after desiccation.
• The moisture level at the different drying hours , , ,
with m t the weight of the product at the end of a given time and m s,t its weight after desiccation.
Drying Kinetics
The drying kinetics of the four varieties is characterized by drying curves of the reduced moisture level in relation to time:
The experimental reduced moisture level at the different drying periods is calculated via the following formulae
With X eq : The equilibrium moisture content, negligible compared to X exp,t and X 0 for long drying periods. 
Determination of the Effective Diffusivity Coefficients
Effective diffusivity coefficients at the different temperatures were calculated by applying Fick's second law to the evolution of the reduced water content in the second phase at a constant speed ( Figure 1 and Figure 2 ).
The solution of Fick's second law in a linear and stationary x space is as follows: Table 1 ). Given that the thickness of the samples was very thin, the deformation of the product during the drying process is negligible.
Determination of the Activation Energy
The diffusion responsible for water movement on the decreasing speed part (phase 2) of the drying speed curves obey the Arrhénius' law. The different effective diffusivity coefficients of the different onion varieties determined from the Equations (1), (2) , and (3) permit to calculate the amount of activation energy necessary for the mechanism to operate, by drawing the curves according to the following equation. ) and T: Kelvin-based temperature. 
Results
Drying kinetics is characterized by a follow-up of the moisture level during the drying time from the Equations (1), (2) , and (3). In theory, these curves represent three phases for non-hygroscopic and barely deformable products. These three phases are the period of temperature setting, the decreasing period (isenthalpic stage, i.e., the temperature of the product remains constant and identical to that of the surrounding open air), and the constant period. The effective diffusivity coefficients at the different drying temperatures are calculated from the drawing of the curves Ln Xrexp, tin relation to the drying times (Equations (4) and (5)) on the isenthalpic stage.
Concerning the activation energy, it is determined by the evolution of the effective diffusivity coefficients in relation to the reverse drying temperature from Equation (6).
Drying Kinetics
The characteristic curves of drying presented in Figure 1 and Figure 2 were drawn from the weight loss during the drying time of the onion varieties at the different maturity levels. The temperature-setting phase does not appear on the drying characteristic curves of the Galmi Violet, Safari, and Orient F1 varieties, whatever the drying temperature. The temperature-setting phase only exists for the Gandiol F1 variety at the drying temperature of 50˚C with phase duration inferior to one hour.
Besides, the higher the drying temperature is, the more the duration of phase 2 decreases. The reverse is noticed with phase 3. Every 5˚C step temperature increase induces a 30 minute to two hour decrease. The duration of phase 2 goes from four hours four-five minutes to six hours across varieties. Figure 2 displays the evolution of the reduced moisture level average of the varieties harvested at a maturity level greater than 85%. This average was calcu- drying temperature. The duration of phase 2 ranges from five to seven hours depending on the varieties, and it decreases from 30 minutes to one hour for every 5˚C step increase of the temperature. The reverse effect was observed for phase 3.
Evolution of Reduced Water Content of the Varieties Harvested in June
By comparing the evolution of the reduced moisture level average in relation to the maturity level of the varieties (Figure 1 and Figure 2 ), it appears that:
• the more advanced the maturity level is, the longer the duration of phase 2 is;
• the effect of the temperature raise on the variability of the duration of phase 2 is more visible when the maturity level is ≤80% rather than ≥85%. Figure 3 and Figure 4 respectively display the evolution of the Napierian logarithm of the average reduced moisture level in relation to the drying time for a maturity level of the varieties below 80% and above 85%. The values for the reduced moisture level average taken into account are those of phase 2 ( Figure 1 and Figure 2 ) where the diffusivity mechanism commands the drying kinetics. The slopes of the curves for the Galmi Violet and Safari varieties at a maturity level less than 80% are superior to those at a maturity level greater than 85%. The reverse situation is noticed for the Gandiol F1 variety, whereas for the Orient F1 variety, the slopes of the curves are identical. The values of the slopes and intercepts respectively range from 0.40 to 1.22, and from 0.035 to 0.62. Those values along with the thickness of the samples (Table 1 ) integrated in Equation (5) allowed to determine the effective diffusivity coefficients averages (Table 2) .
Determination of the Effective Diffusivity Coefficients
Globally, the effective diffusivity coefficient averages increase with the temperature for all the four varieties. For each 5˚C step temperature raise, the multiplying factors of the effective diffusivity coefficients averages at the maturity levels less than 80% and greater than 85% are respectively specified below:
• Galmi Violet from 1.35 to 1.69 and from 1.28 to 1.48; • Gandiol F1 from 1.24 to 1.48 and 1.15 to 1.48;
• Orient F1 from 1.26 to 1.52 and from 1.23 to 1.47.
From one maturity level to another within the same variety, the effective diffusivity coefficients averages at the maturity level below 80% are higher than those at the maturity level above 85% whatever the temperature. The multiplying factors range from 1.32 to 2.04.
From one variety to another, the effective diffusivity coefficients averages of the Galmi Violet variety (ranging from 2. ) whatever the maturity level. The multiplying factors vary from 0.91 to 2.05.
Determination of the Activation Energy in Relation to Harvest Periods
The Napierian logarithm curves of the effective diffusivity coefficients averages per period are presented in Figure 5 . They are represented on the reverse temperature, thus allowing the calculation of the activation energy. The tendency curves obtained via regression for the four varieties over the harvest periods of March and June are line the equations of which are described in Table 3 . All of the correlation coefficients range from 0.984 to 0.996. The activation energy per period ( . It is calculated from the slopes of the different equations set by linear regression (Table 3) .
Whatever the maturity level, the activation energy for the Galmi Violet variety (Table 4) Within each variety, the required activation energy for the maturity level less than 80% is above that of the maturity level greater than 85% (multiplying factor ranging from 1.14 to 1.22). The differences for the Galmi Violet, Safari, Gandiol F1 and Orient F1 varieties are respectively 7.97, 8.70, 10.52 and 9.25 KJ·mol −1 .
Statistical Tests on the Effective Diffusivity Coefficients and Activation Energies
The results of the statistical tests (variance analysis) show that the temperature, the variety and the maturity level have a very significant influence on the effective diffusivity coefficients with p-values inferior to 2.20 × 10 −16 (for the temperature and the maturity level) and equal to 1.08 × 10 −12 (for the variety). Concerning the activation energy, the influence of the period is averagely significant (p-value equals 0.003) whereas the influence of the variety is slightly significant (p-value equals 0.05).
Comparison of Periods within Each Onion Variety
The Welch Two Sample T-Test was used to compare the averages of the effective diffusivity coefficients and the activation energy within each variety for the March and June periods ( Table 5 ). The tests reveal p-values superior to 5% except for the effective diffusivity coefficients of the Safari, Gandiol F1, and Orient F1 varieties.
Comparison of the Varieties according to the Periods
The analysis of the variance on the effective diffusivity coefficients of the March and June periods respectively resulted in p-values of 0.16 and 0.01, whereas the p-values for the activation energy are respectively 0.49 and 0.12. The relation between the different varieties evaluated via the Turkey test is displayed in Table  6 . All the p-values are superior to 5%. except for the comparison of the effective diffusivity coefficients of the Galmi Violet and Orient F1 varieties over the period of June.
Discussion
The average effective diffusivity coefficients (m ) for the March and June periods, which were obtained from the kinetics (Figures 1-4) The Welch Two Sample T-Test used for the comparison of the effective diffusivity coefficients averages within each variety reveals some significant difference between the periods of March and June with a p-value inferior to 5% for the Safari, Gandiol F1, and Orient F1 varieties, whereas the Galmi Violet, with a p-value of 0.08, does not present any significant difference ( Table 5 ). The comparison also indicated that the effective diffusivity coefficients of the March period (maturity level ≤ 80%) are superior to those of the June period (maturity level ≥ 85%). In short, the higher the maturity level is, the less important the water content inside the matter is, and the lower the effective diffusivity coefficient is [22] [23] [24] .
The analysis of the variance across varieties points out some significant difference between the effective diffusivity coefficients only for the June period with a p-value equal to 0.01. Nonetheless, the Turkey test (Table 6) Regarding the activation energy ( ) in previous studies.
Conclusions
The effective diffusivity coefficients of the varieties harvested in March along with the activation energy are higher than those of June. The reasons for these differences are the respect for the technical itinerary during the harvest of the month of June (with a leaf-fall rate superior to 85%).
The evolution of the effective diffusivity coefficients averages regarding the temperature reveals some significant difference within each variety for the 80% maturity level as well as that of 85%. Nonetheless, for any given temperature, the study of the maturity level effect appears a significant difference only for the Safari, Gandiol F1, and Orient F1 varieties. A comparison across varieties shows some significant difference only between the Galmi Violet and the Orient F1 varieties over the period of June.
Whatever the period and given the drying temperature are, the effective diffusivity coefficients averages for the Galmi Violet variety range from 2.25 × 10 . The effective diffusivity coefficients and activation energy values are consistent with those of the food products namely okra, green beans, corn, olive leaves.
It is possible to envisage a mixture of the three varieties during the drying whatever the temperature, because their activation energies and their effective diffusivity coefficients are almost identical. In the case of a mixture of the four varieties, the Galmi Violet variety, with the highest effective diffusivity coefficients and activation energy, would be limitative although the different statistical tests do not show any significant difference (except between the Galmi Violet and the Orient F1 varieties).
